Delayed gastric ulcer healing is a well recognized problem associated with the use of cyclooxygenase (COX) inhibitors. In contrast, NO-releasing COX inhibitors do not interfere with ulcer healing. These divergent effects may in part be due to differences in their effects on platelets, which are known to influence ulcer healing. Therefore, we compared the effects of a nonselective COX inhibitor (flurbiprofen), a nitric oxide-releasing COX inhibitor (HCT-1026), and a selective COX-2 inhibitor (celecoxib) on gastric ulcer healing, angiogenesis, and platelet͞serum levels of vascular endothelial growth factor (VEGF) and endostatin. Gastric ulcers were induced in rats by serosal application of acetic acid. Daily treatment with the test drugs was started 3 days later and continued for 1 week. Celecoxib and flurbiprofen impaired angiogenesis and delayed ulcer healing, as well as increasing serum endostatin levels relative to those of VEGF. HCT-1026 did not delay ulcer healing nor impair angiogenesis, and also did not change the ratio of serum endostatin to VEGF. Incubation of human umbilical vein endothelial cells with serum from celecoxib-or flurbiprofen-treated rats resulted in suppressed proliferation and increased apoptosis, effects that were reversed by an antiendostatin antibody. These results demonstrate a previously unrecognized mechanism through which nonsteroidal antiinflammatory drugs can delay ulcer healing, namely, through altering the balance of anti-and proangiogenic factors in the serum. The absence of a delaying effect of HCT-1026 on ulcer healing may be related to the maintenance of a more favorable balance in serum levels of pro-and antiangiogenic growth factors.
A s well as causing the formation of gastric and duodenal ulcers, cyclooxygenase (COX) inhibitors are known to delay the healing of gastroduodenal ulcers. Although the mechanism underlying this effect is not completely understood, it has been suggested that inhibition of prostaglandin synthesis by these agents results in an impairment of the process of new blood vessel growth (angiogenesis), which is essential in ulcer repair (1, 2) . Ulcer healing is a complex process that seems to be modulated by several growth factors, including epidermal growth factor (3), hepatocyte growth factor (4), and basic fibroblast growth factor (5) . Platelets also play a key role in ulcer healing, in part by acting as a ''delivery system'' for several potent growth factors (6) . We demonstrated that rats made thrombocytopenic with an antiplatelet serum exhibited impaired ulcer healing, whereas transfusion of platelets from a healthy donor restored ulcer-healing rates to normal (6) . Moreover, we found that treatment with the antiplatelet drug, ticlopidine, impaired gastric ulcer healing through a mechanism that involved alteration of the platelet and serum levels of pro-and antiangiogenic growth factors (6) . In particular, ticlopidine markedly increased platelet and serum levels of the antiangiogenic factor, endostatin.
Angiogenesis is a critical component of the ulcer-healing process, and is regulated by proangiogenic factors, including vascular endothelial cell growth factor (VEGF), and by antiangiogenic factors, such as endostatin. An imbalance in the production of antiangiogenic versus proangiogenic factors could result in impaired angiogenesis and wound healing, as has been suggested to occur in rheumatoid arthritis (7) and in experimental ulcer healing (6) . On the other hand, a shift in the production of angiogenic factors in favor of those that promote angiogenesis could result in accelerated ulcer healing.
In recent years, several approaches have been taken to develop nonsteroidal antiinflammatory drugs (NSAIDs) that do not cause damage in the gastrointestinal tract. The best known of these new NSAIDs are the selective inhibitors of COX-2. These compounds exhibit a more reduced capacity to cause severe ulceration than is seen with conventional NSAIDs (8) , but in experimental models, have exhibited a capacity similar to conventional NSAIDs to delay ulcer healing (9) (10) (11) . These effects have been suggested to be due to inhibition of angiogenesis (12) . NO-releasing COX inhibitors, on the other hand, exhibit gastric safety similar to the selective COX-2 inhibitors (13-15), but have been reported to accelerate gastric ulcer healing (16) or to abolish the delay of ulcer healing induced by a conventional COX inhibitors (17) . It is possible that some of the differences in the effects of these newer COX inhibitors on ulcer healing could be attributable to divergent effects on angiogenesis. Moreover, such effects may be due to alterations in serum and͞or platelet levels of pro-and antiangiogenic factors, such as VEGF and endostatin, respectively.
In the present study, we have examined the effects of a conventional NSAID (flurbiprofen), a NO-releasing derivative of flurbiprofen (HCT-1026) and a selective inhibitor of COX-2 (celecoxib) on gastric ulcer healing, angiogenesis, and platelet͞serum levels of two key angiogenesis-modulating growth factors (VEGF and endostatin).
Materials and Methods
Ulcer Induction. All experiments were approved by the University of Calgary Animal Care Committee and performed in accordance with the guidelines of the Canadian Council on Animal Care. Male Wistar rats (175-200 g) were fed standard laboratory chow and tap water and were kept in a room with controlled temperature (22 Ϯ 1°C), humidity (65-70%), and light cycle (12 h light͞12 h dark). The rats were fasted for 18 h. Gastric ulcers were induced by serosal application of acetic acid (0.5 ml, 80%) under halothane anesthesia, as described (18) .
Assessment of Ulcer Healing. One group of rats (n ϭ 6) was killed 3 days after ulcer induction to allow for determination of ulcer size at the time of initiation of drug treatment. Beginning on day 3 and continuing for 7 days, the rats were treated orally each day with vehicle (0.5% carboxymethylcellulose; 2 ml͞kg), celecoxib (10 mg͞kg), flurbiprofen (5 mg͞kg), or HCT-1026 (6.5 mg͞kg). The doses of test drugs were selected on the basis of equivalent antiinflammatory effects in the carrageenan-airpouch model (unpublished data). Moreover, the dose of HCT-1026 is equimolar to that of flurbiprofen. On day 10 after ulcer induction, the rats were anesthetized with halothane, and a blood sample was drawn from the descending aorta for measurement of serum VEGF and endostatin. The stomach was then removed and the ulcer area was measured planimetrically in a blind manner (16) . A longitudinal section of tissue that included the ulcer base and both sides of ulcer margins was fixed in 4% neutral buffered formalin (4°C) and then embedded in paraffin and sectioned. A subset of rats (n ϭ 5) from each group was killed and the stomach was removed for assessment of prostaglandin E 2 (PGE 2 ) synthesis, as described (19) . In brief, a sample of tissue from the ulcer margin was taken from each rat and placed in 1 ml of sodium phosphate buffer (pH 7.4). After being finely minced with scissors, the sample was incubated at 37°C for 20 min. PGE 2 levels in the supernatant were measured by ELISA.
Assessments of Angiogenesis. Angiogenesis was assessed by counting the number of neomicrovessels with immunostaining for von Willebrand's factor (20) . Three randomly selected areas of the granulation tissue on each slide were counted in a blind manner and the data were averaged. Any positive-staining endothelial cell or endothelial cell cluster that was clearly separated from adjacent microvessels was considered an angiogenic microvessel (21) .
Platelet Aggregation and Release of VEGF and Endostatin. Rats (without ulcers) were given vehicle, celecoxib (10 mg͞kg), flurbiprofen (5 mg͞kg), or HCT-1026 (6.5 mg͞kg) intragastrically once daily for 7 days. Three hours after the final dose, blood was collected under halothane anesthesia and platelet-rich plasma was prepared (22) . Platelet aggregation induced by thrombin (1 unit͞ml) was monitored by using a platelet aggregometer, as described (22) . The samples were then centrifuged (9,000 ϫ g) and the supernatants stored at Ϫ70°C until the concentrations of VEGF and endostatin were measured by ELISA.
Endothelial Cell Proliferation and Apoptosis. Human umbilical vein endothelial cells (HUVEC) were obtained from the American Type Culture Collection and maintained in modified F12K medium supplemented with 0.1 mg͞ml heparin, 0.03 mg͞ml endothelial cell growth supplement, and 10% FBS. They were used at passages 38-44 (21) . Cell proliferation was determined by using the 3-(4,5-dimethylthiaxol-2-yl)-2,5-diphenyltetrazolium bromide assay (23) . HUVEC (2 ϫ 10 4 per well) were incubated with F12K medium in 24-well plates. Beginning 4 h after plating, the cells were incubated for 24 h with serum from rats that had been treated once daily for the previous week with vehicle, celecoxib (10 mg͞kg), flurbiprofen (5 mg͞kg), or HCT-1026 (6.5 mg͞kg). These experiments were performed in either the presence or absence of an antiendostatin antibody (16 g͞ml). The medium was aspirated and 3-(4,5-dimethylthiaxol-2-yl)-2,5-diphenyltetrazolium bromide was added to each well (0.25 mg͞ml). The cells were incubated for a further 3 h at 37°C. The medium was then aspirated and the cells were lysed with dimethyl sulfoxide. An aliquot of the lysate was transferred to a 96-well plate, and absorbance at 540 nm was measured. This method has been shown to yield data that are consistent with direct cell counting (6) or measurement of cell proliferation through monitoring of [ 3 H]thymidine incorporation (24) .
Apoptosis was measured with a commercially available ELISA kit (6) that quantifies DNA fragmentation, with the results expressed as a percentage of medium control values.
Statistical Analysis. Data are expressed as mean Ϯ SEM of at least five samples in each group. Comparisons of data among groups were performed with one-way analysis of variance followed by the Student-Newman-Keuls test. An associated probability (P value) of less than 5% was considered significant. Materials. Reagents were obtained from the following sources: flurbiprofen, heparin, 3-(4,5-dimethylthiaxol-2-yl)-2,5-diphenyltetrazolium bromide, and endothelial cell growth supplement were from Sigma; celecoxib and HCT-1026 were from NicOx S.A. (Sophia Antipolis, France); antibodies and ELISA kits for measurement of VEGF and endostatin were from Chemicon; the apoptosis ELISA kit was from Roche Diagnostic; the PGE 2 ELISA kit was from Cayman Chemicals (Ann Arbor, MI); F12K medium was from American Type Culture Collection; and thrombin was from Calbiochem.
Results
Gastric Ulcer Healing and Angiogenesis. Gastric ulcers were well established 3 days after serosal application of acetic acid, with a mean area of 86 Ϯ 8 mm . The damage spanned the full thickness of the mucosa and penetrated through the muscularis mucosae. In some cases, ulceration extended to the muscularis propria, but perforations were not observed during the course of study. In rats treated with vehicle for 1 week thereafter, the ulcers healed considerably, the mean ulcer area being reduced by more than 70% (Fig. 1) . In contrast, daily treatment for one week with celecoxib or flurbiprofen resulted in a significant delay in ulcer healing ( Fig. 1) , which was accompanied by a significant reduction in the number of angiogenic vessels in the ulcer bed. Treatment with HCT-1026 did not significantly affect the rate of ulcer healing or the extent of angiogenesis in the ulcer bed (Fig. 1) .
Treatment with each of the antiinflammatory drugs resulted in a marked suppression of PGE 2 by tissue taken from the margin of the gastric ulcers. In rats treated with vehicle, the mean level of PGE 2 synthesis was 223 Ϯ 28 pg͞mg. Treatment with celecoxib, flurbiprofen, or HCT-1026 reduced the PGE 2 synthesis to 96 Ϯ 15, 53 Ϯ 5, and 58 Ϯ 6 pg͞mg, respectively (all P Ͻ 0.05 vs. the vehicle-treated group).
Serum VEGF and Endostatin Levels. All three of the test drugs used in this study significantly increased serum endostatin concentrations (by Ϸ50%; Fig. 2A) . However, only HCT-1026 significantly affected serum VEGF levels, causing a near-doubling over those in samples from vehicle-treated rats (Fig. 2B) . The mean ratio of serum VEGF to endostatin was not significantly changed by HCT-1026, but in the rats treated with celecoxib or flurbiprofen, this ratio was significantly reduced (by 30-40%; Fig. 2C ).
Effects of Serum from COX Inhibitor-Treated Rats on HUVEC Prolifer-
ation and Apoptosis. Incubation of HUVEC with serum from celecoxib-or flurbiprofen-treated rats resulted in a significant reduction of the rate of proliferation and an increase in the rate of apoptosis in comparison with HUVEC exposed to serum from vehicle-treated rats. In contrast, serum from HCT-1026-treated rats did not produce effects different from what was observed with serum from vehicle-treated rats. The decreased proliferation and increased apoptosis observed when HUVEC were exposed to serum from rats treated with flurbiprofen, HCT-1026, or celecoxib were completely reversed if the cells were coincubated with an antibody directed against endostatin (Fig. 3  A and B) .
Platelet Endostatin and VEGF Content and Release. Daily treatment with flurbiprofen or HCT-1026 for 1 week significantly increased platelet endostatin content, whereas celecoxib had no effect (Fig. 4A) . Treatment with celecoxib increased the basal levels of release of endostatin from platelets (Fig. 5A) , whereas flurbiprofen and HCT-1026 had no effect. Thus, platelets from celecoxib-treated rats contained less endostatin than platelets from the flurbiprofen-or HCT-1026-treated rats, but released more of the endostatin under basal conditions. This increase in basal endostatin release from platelets from celecoxib-treated rats was not observed in rats that had been treated with only a single dose of celecoxib 3 h before harvesting the platelets. In response to stimulation with thrombin, endostatin release was significantly increased in all groups (Fig. 5A) .
Platelet VEGF content was not significantly changed by treatment with any of the three test drugs. Basal levels of VEGF release and release of VEGF in response to stimulation with thrombin were similar in all groups (Fig. 5B) . Thrombin (1 unit͞ml) caused a similar degree of aggregation of platelets from rats treated with vehicle, celecoxib, or flurbiprofen (Ϸ55-75% of maximal; no significant difference among the groups). Platelets from rats treated with HCT-1026, however, exhibited a reduced degree of aggregation in response to thrombin (Ϸ35% of maximal; P Ͻ 0.05 vs. the other groups). Discussion COX, the key enzyme for synthesis of prostaglandins, exists in at least two isoforms. COX-1 is constitutively expressed in the gastrointestinal tract and has been suggested to be of critical importance in the maintenance of mucosal integrity (25) . COX-2 is expressed at low levels in the gastrointestinal tract, but can be rapidly induced in response to a variety of stimuli, including ischemia and topical irritation (26) (27) (28) . Selective COX-2 inhibitors were developed on the premise that, by sparing COX-1 activity, they would spare the gastrointestinal tract of injury (25) . However, evidence that COX-2 plays several physiological roles in addition to mediating pain and inflammation is increasing (29) . The ability of NSAIDs to induce gastrointestinal injury depends on the inhibition of both COX-1 and COX-2 (30). Selective COX-2 inhibitors delay the healing of experimental gastric ulcers to the same extent as conventional NSAIDs (9, 10), and exacerbate experimental colitis and human inflammatory bowel disease (11, 31) .
The present study confirms the ability of a selective COX-2 inhibitor (celecoxib) and a nonselective COX inhibitor (flurbiprofen) to delay experimental ulcer healing. Moreover, we provide evidence of a previously unrecognized mechanism that could explain, at least in part, the underlying mechanism for this effect. We have previously observed that induction of an ulcer in the rat results in an increase in the ratio of serum VEGF to endostatin, representing a shift that would favor angiogenesis (6) . VEGF is the most potent stimulus for angiogenesis (32) , whereas endostatin is a very potent inhibitor of angiogenesis. Platelets play a significant role in wound healing by releasing growth factors, including VEGF and endostatin, at sites of vascular injury (33) . Thus, alterations in the release of pro-and antiangiogenic factors from platelets, and the relative levels of pro-versus antiangiogenic factors in serum, can determine whether angiogenesis will proceed. We have observed that the antiplatelet drug, ticlopidine, inhibited ulcer healing by preventing the shift in the ratio of pro-and antiangiogenic factors in serum that usually occurs after induction of an ulcer (6) . Ticlopidine caused an increase in the serum levels of endostatin, whereas it reduced serum levels of VEGF. Like ticlopidine, both celecoxib and flurbiprofen significantly increased serum levels of endostatin, and increased the ratio of serum endostatin to VEGF. On the other hand, the NO-releasing COX inhibitor, HCT-1026, increased endostatin levels in serum, but also caused a parallel increase in serum levels of VEGF. Thus, with HCT-1026 treatment the ratio of serum endostatin to VEGF was unchanged from what is seen in rats with ulcers that were not treated with a COX inhibitor. HCT-1026 did not interfere with ulcer healing, nor did it cause the reduction of angiogenesis in the ulcer bed that was seen with the other two COX inhibitors.
Consistent with the alteration in the balance between pro-and antiangiogenic factors in serum, treatment with celecoxib or flurbiprofen altered the ability of the serum to influence endo- thelial cell proliferation and apoptosis. Addition of rat serum to cultured HUVEC resulted in an increase in proliferation and a decrease in apoptosis. However, when the serum was from rats treated with celecoxib or flurbiprofen, the extent of proliferation was significantly reduced, but the extent of apoptosis was significantly increased. These in vitro effects are consistent with an antiangiogenic effect of the serum, which is in turn consistent with the detrimental effect on ulcer healing. The fact that the reduction of HUVEC proliferation and increase in apoptosis was completely blocked by an antiendostatin antibody strongly suggests that the increases in serum endostatin levels elicited by treatment with flurbiprofen or celecoxib could have accounted for the delay in ulcer healing in rats treated with those drugs. Endostatin has been shown to inhibit endothelial cell proliferation (34) and migration (35) , but to promote endothelial apoptosis (36) . Although endostatin seems to be the key factor mediating changes in HUVEC proliferation and apoptosis in response to exposure to serum from rats treated with flurbiprofen or celecoxib, the major differences between the effects of HCT-1026 and those of the other COX inhibitors was seen with the serum VEGF levels. All three of the COX inhibitors elevated serum endostatin, but only HCT-1026 significantly elevated serum VEGF. In addition to the platelet, VEGF is produced by endothelial and vascular smooth muscle cells. The synthesis of VEGF by these cells has been shown to be augmented by NO (37, 38) . The most obvious feature that differentiates HCT-1026 from flurbiprofen is that HCT-1026 releases NO (13) . The NO released from HCT-1026 may have stimulated increased expression and production of VEGF, resulting in the significant increase in serum VEGF levels. In addition to NO being able to stimulate the synthesis of VEGF, NO has been shown to make an important contribution to the proangiogenic actions of VEGF (39) .
In conclusion, our study has demonstrated a previously unrecognized mechanism through which COX inhibitors delay gastric ulcer healing. Through effects likely mediated by inhibition of COX-2, these drugs increase serum levels of endostatin, a very potent antiangiogenic factor. The absence of a detrimental effect on ulcer healing of an NO-releasing COX inhibitor (HCT-1026) may be attributable to the ability of this drug to cause a parallel increase in serum levels of a potent proangiogenic factor, VEGF. NO-releasing COX inhibitors may therefore represent an attractive alternative to conventional and COX-2 selective NSAIDs, by virtue of their ability to permit angiogenesis, and thus healing, to occur.
